A large-scale study of the molecular clouds toward the Trifid nebula, M20, has been made in the J=2-1 and J=1-0 transitions of 12 CO and 13 CO. M20
Introduction
High-mass stars play an important role in dynamically agitating and ionizing the interstellar medium in galaxies and strongly influence galactic evolution. It is therefore crucial to understand their formation mechanisms. Despite numerous theoretical and observational studies attempting to address this issue in the last few decades, the detailed physical processes involved are still elusive (e.g., Zinnecker & Yorke 2007) . Since high-mass stars generally form in clusters, addressing the formation of the host cluster is a more fundamental process in the study of high-mass star formation, and one which would benefit from more attention.
the Galaxy (Ascenso et al. 2007; Furukawa et al. 2009; Rauw et al. 2007 ). Furukawa et al. (2009) presented morphological evidence for the physical association of the clouds with the cluster and its ionizing HII region RCW49 and argued that the cluster may have been formed via a collision between the two GMCs as suggested by their relative positions, masses and velocities. Subsequently, Ohama et al. (2010) derived significant temperature enhancements in the GMCs toward RCW49, offering further robust verification of their association with Westerlund 2. Higuchi et al. (2010) have also presented a study of 14 young star clusters associated with dense molecular clumps of several hundreds of solar masses, and suggested clump-clump collisions as a possible formation mechanism for some of these objects. However, studies of the cloud-cloud collision scenario are yet limited to a small number of clusters and it is important to find more collision-triggered cluster formation in order to better understand the formation of clusters and high-mass stars.
The Trifid Nebula (M20, NGC6514) is a well-known open cluster with three outstanding dust lanes (Walborn 1973; Chaisson & Willson 1975) , with an estimated distance from 1.7 kpc (Lynds, Canzian & O'neil 1985) to 2.7 kpc (Cambrésy et al. 2011 ). An optical study detected 320 stars within 10 pc of the center (Ogura & Ishida 1975) , and a near-infrared study identified 85 T-Tauri stars in the nebula (Rho et al. 2001) . The total stellar mass of M20 is estimated to be less than 500 M ⊙ , several times less massive than Westerlund -5 -addition, M20 is an on-going star forming region. Observations at multiple wavelengths revealed evidence for second generation star formation triggered by the first generation stars and for related activities including optical jets (e.g., HH399, Cernicharo et al. 1998; Hester et al. 2004 ) mid-and far-infrared protostellar objects (Rho et al. 2006 ), infrared and X-ray young stellar objects (Rho et al. 2001 (Rho et al. , 2004 Lefloch et al. 2001) , Hα emission stars (Herbig 1957; Yusef-Zadeh, Biretta & Geballe 2005) , etc. M20 therefore offers a good opportunity for a comprehensive study of cluster formation; from the first generation O-star and many low mass stars to the subsequent second generation young stellar objects.
Detecting and characterizing any residual natal molecular gas is crucial for understanding the formation of clusters. Detailed studies of molecular line emission in M20 were presented by Cernicharo et al. (1998) and extended by Lefloch & Cernicharo (2000) and Lefloch et al. (2008) . They covered a 20 ′ × 20 ′ area centered on the O7.5 star HD164492 with a high angular resolution of few tens of arcseconds and detected molecular structures apparently associated with M20 in the velocity range 0-30 km s −1 . Parts of the molecular features apparently trace the three dark lanes. They also identified cold dust cores around M20 from observations of millimeter continuum emission and discussed on-going star formation, with candidates for young stellar objects (YSO) detected by the Spitzer telescope (Cernicharo et al. 1998; Lefloch et al. 2008; Rho et al. 2006) . However, it is not yet understood how these molecular clouds are organized on a scale covering the whole cluster, and the possiblility of triggered formation of the cluster has not been explored.
We present here new CO J=2-1 and J=1-0 observations of M20 with the NANTEN2/NANTEN 4m sub-mm/mm telescope in Chile. Our principle aim is to reveal degree-scale distribution of molecular gas in order to investigate the formation mechanisms of the first generation stars in M20, especially the central O star and the associated cluster.
This paper is organized as follows; Section 2 summarizes the observations and Section 3 the results. Discussion is given in Section 4 and a summary in Section 5.
Observations
Observations of the J=2-1 transition of CO were made with the NANTEN2 4 m sub-millimeter telescope of Nagoya University at Atacama (4865 m above the sea level) in 
cloud). We also found molecular clouds associated with the Trifid Junior, which is another infrared nebula at Dec ∼ −22
• 50 ′ detected by Spitzer (Rho et al. 2008 ). The total integrated intensity of 12 CO(J=1-0) in this velocity range accounts for about 60 % of the sum of those in three velocity ranges, meaning that a large fraction of molecular mass in this region is concentrated to around V lsr of ∼18 km s −1 .
The detailed distribution of the molecular gas shows good positional coincidence -9 -with optical dark features ( Figure 3 ). The velocity ranges of the three panels in Figure   3 correspond to those of Figures 2a, b and c. The current low angular resolution is not sufficient to resolve individual correspondences. However, the general tend may still be discerned in Figure 3 . We find that many molecular features correspond well to the dark lanes and dark clouds in the optical image, indicating that they are located on the front side of, or partially embedded in, the nebula. Figure 3a shows that the 2 km s −1 cloud is divided into two components and each of them trace the four major dust lanes elongated from the center to the east, the west, the north and the southeast. Cold dust cores TC1, TC11, TC8, TC10 and TC13 are associated with this cloud . Figure 3b shows that cloud C coincides with the center of the nebula whereas it does not match well the dark lanes, suggesting that cloud C is located within or on the far side of the nebula. Cloud S seems to correspond to the pillar-like feature in the south of the nebula associated with TC2 (Lefloch et al. 2002) , indicating that it is located within or on the far side of the nebula. Cloud NW, which has the highest 12 CO intensity, corresponds well to a dark feature in the northwest, and interactions between cloud NW and the HII region have been suggested by Cernicharo et al. (1998) and Lefloch et al. (2008) . Two small features in the north, clouds NE1 and NE3, correspond to small dark lanes and cloud NE2 corresponds to the eastern extension of the 2 km s −1 cloud along the major dark lane. Figure 3c shows that the 18 km s −1 cloud has a peak component to the southwest of the central star and Lefloch et al. (2008) indicates that TC9 is associated with the cloud. The 18 km s −1 cloud has no counterpart dark features in the optical image and is likely located on the far side of M20. The total A V in the vicinity of the central star is 10-15 mag (Cambrésy et al. 2011) , while a direct measurement toward the central star itself gives a quite small A V of 1.3 mag (Lynds, Canzian & O'neil 1985) ,
indicating that a large fraction of the gas toward the central star is located on the far side of the nebula. We suggest that although the contours of the 2 km s −1 cloud and cloud C appear to overlap with the O star, this is likely the result of poor resolution in CO, which spreads the emission over a wider spatial area that it in fact occupies. The high resolution dust image in Figure 2d -f indicates that the dust filaments are located toward the west of the O star with some offset, suggesting that the amount of actual obscuring matter is minimal toward the O star. This minimal obscuration is consistent with a far-side location for the 18 km s −1 cloud. The TC3 & TC4 cloud is also clearly seen in Figure   3c . Lefloch & Cernicharo (2000) and Rho et al. (2008) studied this cloud in detail and indicated that it is associated with the HII region at its boundary. We define seven clouds, the 2 km s −1 cloud, clouds C, NW, S, NE, the 18 km s & TC4 cloud because the contour at half peak intensity contains too many other peaks.) Figure 5 shows the observed spectra at the peak positions of the seven clouds. We here assume two heliocentric-distances, 1.7 kpc and 2.7 kpc for estimating sizes and masses of the clouds. Details of the identified clouds are shown in Cambrésy et al. (2011) estimated the mass of a somewhat larger area in this region to be 5.8×10 5 M ⊙ by assuming a distance of 2.7 kpc, which is comparable to our estimate. Figure 6 shows the spatial distribution of the ratio between the 12 CO(J=1-0) and 12 CO(J=2-1) transitions, which represents the degree of the rotational excitation of the molecular gas and reflects temperature and density. We find that the 2 km s −1 cloud and 8 km s −1 clouds C, NW and S show significantly higher ratios of > 0.8, while the cloud NE shows somewhat smaller value of 0.6 at its maximum. Clouds at V lst ∼ 18 km s −1 including the 18 km s −1 cloud and TC3 & TC4 cloud show typically smaller ratios of ∼0.5 and up to ∼0.8. These results are also seen in Figure 5 . The molecular gas at the southern edge of Figure 2b is associated with the nearby SNR W28 and shows exceptionally higher ratios of ∼1.0.
Physical parameters of the molecular clouds
We estimate the temperature and density of the M20 molecular clouds with an LVG analysis (e.g., Goldreich & Kwan 1974) . We took13 CO(J=2-1) line ratios at 6 positions, as shown in Figure 5 and (km s −1 pc −1 ) −1 , for distances of 1.7 kpc and 2.7 kpc, respectively. We derived dv/dr by taking the average ratio between the cloud size and velocity width for the six clouds (Table   1) , and then took an average of them. Figures 7 and 8 show the results of the calculations, and details of the results are summarized in Table 2 . The density and temperature ranges covered by the present analysis are 10 2 -5 × 10 4 cm −3 and 10-100 K, respectively. In star. An age of 0.3 Myrs is estimated for the HII region by considering its spatial extent (Cernicharo et al. 1998 ) and the age of the first generation stars is thought to be less than 1 Myrs (see review by Rho et al. 2008 ).
The distribution of the IRAS emission shown in Figures 2g-2i is centered on the O star, and the boundary at the half peak intensity level shows an extension similar to that of the HII region (Cernicharo et al. 1998 ). The total infrared luminosity L ir is given by the following equations (Dale & Helou 2002) ;
Here f λ is the flux in each of the 3 IRAS bands and D is the distance to the object. L ir for M20 is hence estimated to be ∼ 2.4 × 10 5 L ⊙ and 6.1 × 10 5 L ⊙ for distances of 1.7 kpc and 2.7 kpc, respectively. Draine & Li (2007) pointed out that the above equations given by Dale & Helou (2002) underestimate L ir by up to 30% within a radiation intensity U range of 10-100, and applying this correction increases our estimates of L ir to 3.4 × 10 5 L ⊙ and 8.6 × 10 5 L ⊙ for the two distances. The bolometric luminosity of the O star is Conti & Alschuler 1971; Walborn 1973) , corresponding to 40-120 % and 20-50 % of the above estimates for two distances, respectively. These figures indicate that the dust luminosity is dominated by the energy of the O star, which accounts for most of the radiative energy in M20. We therefore argue that the first generation stars, including the O star, dominate the total energy release in the region and probably also make up the majority of the stellar mass contained within it. On the other hand, the stars formed in the other outer clouds NW, S and NE are much less dominant in luminosity and perhaps also in terms of the masses of individual stars.
We here discuss the heating mechanism of the warm gas in the 2 km s −1 and clouds C, S and NW. The warm gas is distributed only within the extent of the strong infrared emission, except in the direction of the SNR (Figures 2g-2i) . It therefore seems reasonable to consider that the warm gas is heated predominantly by the O star, since the warmest regions of the 2 km s −1 and 8 km s (2000) and Rho et al. (2008) indicate that it is located at the boundary of the HII region and shocks may occur there. Self absorption in the 12 CO spectra possibly make it difficult to know an actual excitation condition of the cloud, and further study in optically-thin lines is needed for better understanding.
Possible triggering of the cluster formation
The masses of the 2 km s −1 cloud and cloud C, assuming distance of between 1.7 and 2 km s −1 cloud, Cloud C, NW, S and NE, of ∼2.0-4.7×10 48 erg, which corresponds to almost 15-30 % of the energy given from the stellar winds. Numerical calculations suggest that less than a few percent of the initial wind energy is converted to neutral gas kinetic energy (Arthur 2007) , and the small solid angle less than 4 π covered by the clouds reduces the energy available to them. We therefore conclude that while mechanical expansion cannot be ruled out as the cause of the velocity separation, the energetics are uncomfortably tight. Moreover, the spatio-velocity structure of the two components, as shown in figure cloud and cloud C must be moving in the opposite directions; the former is moving toward us and the latter is moving away from us. As shown in Section 3.1, the 2 km s −1 cloud is apparently located at the front side of M20, whereas cloud C is not in the near side, suggesting that it is located either on the far side or within M20. This relative configuration is in fact consistent with the cloud-cloud collision scenario, because we must be witnessing a moment after the collision occurred Myr ago. We would expect a reversed cloud location prior to the collision.
This scenario is similar to that discussed by Furukawa et al. (2009) and later expanded on by Ohama et al. (2010) . These authors found two GMCs closely associated with the RCW 49 HII region and its exciting cluster, the super star cluster Westerlund 2. The two clouds have a velocity difference of 15 km s −1 , are not gravitationally bound to one another, and have associated kinetic energies that are too large to be explained by expansion driven by the central cluster. These characteristics are quite similar to the 2 km s −1 and 8 km s clouds of M20, and we therefore suggest that M20 may be interpreted as a miniature of Westerlund 2.
The velocity of the M20 region as a whole (0-30 km s −1 ) corresponds to the velocities of the Perseus and Scutum Arms (Vallée 2008) , and there are actually many molecular clouds in the region (see Figure 1 and Takeuchi et al. 2010) . Such a high density of molecular clouds implies a high cloud-cloud collision probability, providing a similar environment to that in the region of Westerlund 2. We also note that Dobashi et al. (2001) investigated the relationship between masses of star forming molecular clouds and the infrared luminosity from these clouds, finding that molecular clouds with masses of ∼ 10 3 -10 4 M ⊙ typically have infrared luminosity of up to ∼ 10 4 -10 5 L ⊙ -almost comparative to or much lower than the infrared luminosity of M20 (∼ 2.4-6.1 × 10 5 L ⊙ ). This fact suggests that the first generation star formation in M20 is remarkably efficient, providing further tentative support for the triggered star formati on mechanism suggested here.
Summary
We summarize the present works as follows;
1) A large-scale study of the molecular clouds toward the Trifid nebula, M20, has been made in the J=2-1 and J=1-0 transitions of 12 CO and 13 CO. These observations reveal two molecular components both peaked toward the center of M20 with LVG-derived temperatures of 30-50 K -significantly higher than the 10 K of their surroundings.
2) The close association of the clouds with the central cluster and surrounding HII region strongly suggests that they are the parent clouds of the first generation stars in M20.
The mass of each cloud is estimated to be ∼ 10 3 M ⊙ and their velocity separation is ∼ 7.5 
